[1] Abstract: We present an integrated velocity field for the central Andes, derived from GPS observations collected between January 1993 and March 2001 that eliminates the velocity bias between the South America-Nazca Plate Project (SNAPP) and central Andes GPS Project (CAP) velocity fields published by Norabuena et al. [1998] and Bevis et al. [1999]. The reference frame is realized by minimizing the motion of eight continuous GPS stations and one rover GPS station located in the stable core of the South American plate. The RMS horizontal motion of these stations is just 1.1 mm/yr. The amplitude of these residual motions is roughly compatible with expected levels of measurement error. In our new solution, five of the six SNAPP stations located just outside the orogenic belt are effectively stationary, and the velocities for adjacent CAP and SNAPP stations now agree at a level consistent with their formal uncertainties.
Introduction
[2] The Andes constitute the type example of a continental subduction zone. This highly seismogenic plate boundary is of great interest to seismologists observing the earthquake deformation cycle as well as to geologists and geophysicists studying the growth of mountain belts. As a result there are several groups engaged in GPS geodesy within the northern, central, and southern Andes. It is now widely recognized that a large fraction of the crustal velocity field in this region manifests elastic compression of the upper plate in response to locking of the main plate boundary [Klotz et al., 1999; Norabuena et al., 1998; Bevis et al., 1999] . However, back arc convergence also contributes to the Andean crustal velocity field [Norabuena et al., 1998; Bevis et al., 1999] . One of the main technical challenges for crustal motion geodesists working here, as in other convergent margins, is separating elastic endloading signals produced by locking of the main plate boundary from other (possibly anelastic) components of the interseismic velocity field. The abrupt change in the trend of the Andes near 188S, known as the Arica Deflection or the Bolivian Orocline, offers a special opportunity in this regard. The pronounced change in the orientation of the plate boundary, and in the obliquity of plate convergence [McCaffrey, 1994] , will provide the elastic deformation field driven by plate boundary locking with an unusual signature that should help researchers to isolate this signal and thereby better isolate the motions and deformations associated with back arc convergence and perhaps oroclinal bending [Jordan et al., 1983; Isacks, 1988; Gephart, 1994; Kley, 1999; Lamb, 2000] .
[3] The central Andes GPS Project (CAP) Bevis et al., 1999] and the South America-Nazca Plate Project (SNAPP) [Norabuena et al., 1998 ] have been working in the central Andes since 1993 and 1994, respectively, and both groups have published preliminary velocity fields for parts of the central Andes. Unfortunately, an intercomparison of these solutions indicated a bias or offset between the two sets of velocity estimates. Bevis et al. [1999] suggested that this was due to a reference frame problem. In crustal motion geodesy the problem of realizing a fixed-plate reference frame and the problem of expressing velocities within that frame are highly coupled. When one tries to realize a fixed-plate frame using only a few GPS stations and/or a narrow time window, it is difficult to suppress statistical fluctuations (measurement noise) that can generate complementary errors in the realization of the frame and in the expression of velocities relative to that frame. Norabuena et al. [1998] had only a 2 year time span of observations available to them for the SNAPP network, and they used only a few continuous GPS (CGPS) stations to realize a craton-fixed frame (one of which, International GPS Service (IGS) station KOUR, had data quality problems in the 1990s). Bevis et al. [1999] had a longer time series and more cratonic stations available to them than did Norabuena et al. [1998] for the purposes of realizing a craton-fixed frame.
[4] Both SNAPP and CAP will complete another occupation of their networks by the end of 2001. At that point there should be little difficulty in realizing essentially equivalent craton-fixed frames. However, we have made an effort to resolve the reference frame problem using data already in hand, both to produce an interim velocity field that can be used by us and by others engaged in modeling regional deformation and to throw more light onto the nature of the reference frame problem. While Norabuena et al. [1998] used GIPSY software and a point-positioning strategy, the CAP team uses GAMIT software and a network approach to position and velocity estimation. The network approach is probably the safer of the two approaches because it is redundant, and, when velocity estimation is implemented on a regional level (as described below), it eliminates spatially common-mode errors deriving from the global scale. Accordingly, we have reprocessed the SNAPP and CAP data sets jointly using GAMIT/GLOBK at the Pacific GPS Facility (PGF) of the University of Hawaii. We have more data available with which to realize a craton-fixed frame than did either Norabuena et al. [1998] or Bevis et al. [1999] , and this should also assist us in elim-inating the offset between crustal velocity fields previously reported for the CAP and SNAPP networks.
Realization of a South American
Craton-Fixed Frame [5] Our general processing strategy was described previously by Kendrick et al. [1999] and Bevis et al. [1999] . We estimate velocities by stacking daily network solutions (polyhedra) obtained using GAMIT [King and Bock, 2000] and GLOBK [Herring, 2000] software. In this section we explain our approach to velocity estimation in more detail and in terms that should be easy for the nongeodesist to follow.
[6] The basic GPS analysis is performed one day at a time using the distributed processing scheme [Feigl et al., 1993; Oral, 1994; Zhang, 1996; Bock, 1998 ] adopted by most GAMIT/ GLOBK users. In effect, an analysis of the global GPS network of the IGS is combined with a separate analysis of our regional network, so as to achieve a solution which is essentially equivalent to that which would have been obtained if the two data sets had been merged and analyzed in one huge batch. The main advantages of the distributed approach are (1) that the total computational cost is greatly reduced and (2) that the regional analyst need not perform the global analysis but can concentrate instead on processing the regional data with GAMIT and combining the regional and global solutions using GLOBK. The resulting solution includes an estimate of the geometrical figure or polyhedron consisting of all global and regional GPS stations included in the daily analysis. Because the analysis (in its final stages) places only very weak constraints on the coordinates of these stations, the resulting ''free network'' solution is not strongly tied to any particular reference frame, and so while it strongly constrains the size and shape of the polyhedron, it does not strongly constrain the position or orientation of this geometrical object [Heflin et al., 1992; Blewitt, 1998 ]. Free network solutions are also called ''fiducial free,'' ''loose,'' or ''inner coordinate'' solutions. Free network solutions describe the inner geometry of the polyhedron and do not address precisely how the polyhedron is embedded in an external reference frame thereby establishing its outer coordinates. The advantage of free network solutions is that they are very little influenced by any a priori information about the coordinates (and relative positions) of the various GPS stations. Even minor errors in prior coordinates used to impose a reference frame on a polyhedron are capable of inducing subtle distortions in the estimated shape of the polyhedron. [7] A free network solution can be transformed into a description associated with a specific reference frame by applying a transformation consisting of three orthogonal translations and three orthogonal rotations. This six-parameter similarity transformation is known in geodesy as a Helmert transformation. (It is also possible to employ a seventh parameter to permit small changes in scale. This can be very useful when combining measurements made using different physical principles, e.g., optical versus radio techniques, to account for small inconsistencies in the various fundamental physical constants used in the different analyses or data reductions. However, it rarely makes sense, in our opinion, to allow scale changes when combining measurements of a single physical type.) While one might think of the polyhedron as being aligned and oriented with an external reference frame during a Helmert transformation, it is typically more useful to consider the frame (axis system) as the entity undergoing the change in position and orientation. That is, we are really transforming the coordinates of the stations composing the polyhedron from those associated with the arbitrary reference frame invoked by (or implicit in) the free network solution to those associated with a conventional reference frame such as the International Terrestrial Reference Frame (ITRF) or a fixed-plate frame. Inner geometry is invariant under translation and rotation of the reference frame, whereas station coordinates are not.
[8] Crustal motion geodesists are mainly concerned with estimating the velocities of their GPS stations in some well-defined reference frame. A series of free network solutions obtained over a sufficiently long time span (usually 2 years or more) implies how the internal geometry of the polyhedron changes over time. Just as the instantaneous geometry of the polyhedron can be conceived of in terms of its inner and outer geometry, so the deformation of the polyhedron, i.e., the motions of its stations, can be analyzed in terms of its inner or outer geometry [Blewitt et al., 1993] . Ultimately, we will require the station velocities to be expressed in a conventional reference frame. There are two general approaches to doing this. The older (and probably still more widely used) approach is to transform each daily polyhedron into a conventional reference frame, such as ITRF, and then estimate the station velocities in that reference frame. In practice the reference frame is realized over an extended period of time by strongly constraining the positions and velocities of the IGS stations to their ITRF values. The alternative approach, which we prefer, is to estimate positions and velocities in inner coordinates, treating the reference frame merely as a computational convenience, and allowing it to rotate and translate freely (at constant rates) while focusing on the rate of change of the polyhedron's shape and size. We transform the resulting inner coordinate solution (positions and velocities) into a conventional reference frame only after velocity estimation has been completed. This is achieved by finding a suitable 12 parameter transformation consisting of three rotations, three rotation rates, three translations, and three translation rates. This generalized Helmert transformation relates any two reference frames over an extended period of time, just as the six parameter Helmert transformation relates any two reference frames at a given moment or epoch. (Some workers, such as Boucher et al.
[1998] and Davies and Blewitt [2000] , employ 14 parameter generalized Helmert transformations instead, so as to allow scale and scale rate differences between reference frames.) The advantage of inner coordinate velocity estimation, like that of the free network solution, is that it eliminates the potentially harmful influence of prior information (in this case prior velocity information). We consider inner coordinate velocity estimation to be the logical extension of the free network approach to the analysis of a network over an extended period of time.
[9] We perform inner coordinate position and velocity estimation using our own software package called VSTACK. One six parameter Helmert transformation is applied to each daily polyhedron solution so as to align the daily polyhedra as closely as possible to a suite of constant velocity trajectories (unless an earthquake requires the introduction of additional coseismic steps at nearby stations). No position or velocity constraints are imposed during this iterative stacking process: the only constraint is that the individual (daily) polyhedra are not allowed to change their size or shape. Our algorithm is most easily understood by considering the simple case of a polyhedron time series in which no coseismic (or other) jumps occur. We can visualize the algorithm in the following way. First we estimate the velocity of each station by fitting a straight line to each of its spatial (cartesian) coordinates as a function of time. We then seek a set of Helmert transformations, one for each day, that align all Geochemistry Geophysics Geosystems G 3 G stations occupied on a given day as well as possible with these station trajectories (linear position versus time fits). This process is iterated: we reestimate the three velocity components for each station and then repeat the stacking or alignment process. At each iteration we track the individual and composite distances between the stations and the network positionvelocity model and terminate iteration when a specific target is reached or when no further progress is being made toward convergence.
[10] After stacking and velocity estimation is completed, we realize a craton-or plate-fixed frame, i.e., one which is nominally attached to the stable (effectively rigid) core of a plate, by performing a generalized Helmert transformation which minimizes the horizontal and vertical velocities of a set of stations located within the stable part of the plate and optionally by minimizing simultaneously the vertical velocities of a second set of stations located in the stable cores of adjacent plates. That is, we estimate the 12 parameters of the transformation so as to minimize a composite measure of these residual velocities in the new frame. Plate stability can be assessed a posteriori by examining the residual velocities in this plate-fixed frame. (A similar approach can be used to transform our solution into ITRF: we choose the 12 parameters of the transformation so as to minimize the weighted deviations of all IGS station positions and velocities from those values assigned to them in the ITRF frame).
[11] A key feature of our approach to regional velocity analysis is that even though we use GAMIT/GLOBK to estimate a daily polyhedron that includes both our regional stations and the global tracking network of the IGS, we subsequently extract a regional subset of these stations for the purpose of velocity estimation. This subset consists of all stations in the South American plate, all stations in the Nazca plate, and only a few stations located in immediately adjacent plates. We stack on a regional basis because, as we found previously in the South Pacific [e.g., Bevis et al., 1995] , and as Wdowinski et al. [1997] found in California, global stacking admits significant amounts of spatially coherent noise into our regional time series . Systematic errors enter into a velocity analysis from all spatial scales, and there is some advantage to limiting the aperture of the network being analyzed to that of the specific region under study.
[12] The set of stations we use to realize a South American craton-fixed frame in this paper ( Table 1 ) differs from that we used previously Bevis et al., 1999] in that we now appreciate that the continuous station (PARC) in Punta Arenas (southernmost Chile) lies just within, rather than just outside, the active Patagonian Fold and Thrust Belt, and so it does not lie within the craton. Accordingly, we have dropped this station in favor of a relatively new CGPS station (LKTH) located at Lookout Hill in the Falkland Islands and a longer established rover GPS station (TNDL) located in Tandil, Argentina. The RMS residual velocity of this group of stations is just 1.1 mm/ yr. If we exclude the rover station TNDL, then the RMS velocity of the eight remaining CGPS stations is 1.0 mm/yr.
A Combined Velocity Field
[13] The data set analyzed by Norabuena et al.
[1998] was based on two GPS campaigns mounted in 1994 and 1996, and, as a result, the total observational time span at each of the SNAPP stations was just over 2 years. In contrast, the nearby CAP stations in northernmost Chile and Argentina analyzed by had a minimum occupation time of $3.6 years. As part of an effort to better tie the CAP and SNAPP networks, in late 1999 the CAP team reoccupied a station (CATA) it
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Geosystems G 3 G established in western Bolivia in early 1993 and simultaneously occupied the nearby SNAPP station PNAS. And in early 2000, a CAP survey crew that reoccupied stations YAVI and TRES in northern Argentina also occupied five SNAPP stations in southern Bolivia, two of which (PSUC and SJCH) are located in the craton. These data, and data from the northern CAP network, will be used by both groups to establish a small subset of stations, which are shared and, hopefully, will be occupied more frequently than other rover stations in the region. In this way the CAP and SNAPP networks will be strongly tied together. [14] We processed the SNAPP and northern CAP networks jointly and estimated the velocities of all stations in the craton-fixed frame of reference described above. We present velocities only for those CAP stations north of $238S, since the stations further south were displaced by the Antofagasta earthquake [Klotz et al., 1996 [Klotz et al., , 1999 and are not very useful for characterizing the interseismic velocity field. We estimated velocities using only the SNAPP data available to Norabuena et al. [1998] and using in addition the more recent data from the ''tie'' stations. The two sets of velocity solutions differ only slightly, though the stations with additional recent occupations have smaller error ellipses when the recent data are included in the velocity analysis. A comparison of the new solutions for the SNAPP stations and those published previously by Norabuena et al. [1998] , confirms that the original solution has a 7.5 mm/ yr bias in the eastward component of velocity. The corresponding bias in the north component of velocity is only À0.3 mm/yr, which is negligible. These bias estimates, which represent median differences between the old and new solutions (old-new) for the set of common stations, are insensitive to the inclusion or exclusion of the post-1996 observations at the SNAPP sites.
[15] The integrated velocity field is shown in Figure 1 and listed in Table 2 . Note that five of the six SNAPP stations located in the craton (PSUC, INGM, SJCH, REYE, and FITZ) have velocities that differ from zero at a level which is not statistically significant or only barely significant. This set of stations has an RMS residual velocity of 2.7 mm/yr. The sixth cratonic station RBLT has north and east components of velocity of 5.3 ± 1.9 and 0.9 ± 3.4 mm/ For each station we list the station code, location, latitude and longitude, the number of daily observations incorporated into the geodetic analysis, the total time spanned by these observations (in years), the north component of velocity (Vn) and its standard error (sigVn), the east component of velocity (Ve) and its standard error (sigVe), and the station type (I, IGS global tracking station; B, CGPS station of the Instituto Brasileiro de Geografia e Estatística; C, CGPS station associated with CAP; R, CAP rover station). RMS residual velocity (9 stations) = 1.1 mm/yr.
Geosystems G 3 G yr, respectively, which gives it a statistically significant northward component of motion but no significant eastward component of motion. Note that none of these stations were used in the definition or realization of the craton-fixed frame. Since these stations appear fixed, or very nearly fixed, even though this result was in no way built into the solution, we feel confident that the SNAPP stations are properly integrated into our regional reference frame. 
Geosystems G 3 G [16] The solutions for nearly collocated stations PNAS and CATA, in western Bolivia, are very similar. This is significant in that CATA has one of the best-constrained velocity solutions for any rover GPS station in the CAP network, since its total observational time span is 6.8 years (though YAVI and TRES in northern Argentina have even better solutions since they have been occupied three times over more than seven years). A visual inspection of the velocity field shows that the velocity discontinuity (near the boundary of the CAP and SNAPP networks) apparent in the plots of Bevis et al. [1999] is no longer evident. We conclude that our new, integrated velocity field is considerably more useful than one obtained by combining the previously published results of Norabuena et al. [1998] and Bevis et al. [1999] . We recommend use of the new solution as an interim interseismic velocity field for the central Andes.
Discussion
[17] On 23 June 2001, after this research was completed, an M W 8.4 earthquake ruptured the plate boundary near 17.28S, 73.08W. All of the GPS data analyzed in this study was collected prior to the occurrence of this great earthquake, and so the velocity results presented here can be used to address only the interseismic phase of the earthquake deformation cycle that preceded this seismic event. Because SNAPP performed additional occupations of their network just prior to 23 June 2001 (Tim Dixon, personal communication, 2001) , it is likely that this interim velocity field will be superceded. No further occupation of the CAP stations in northernmost Chile took place prior to this great earthquake, so our solutions for the interseismic velocity field at those stations are unlikely to be modified in a significant way.
[18] The Norabuena et al. [1998] solution for the interseismic velocity field implied that $10-15 mm/yr of Nazca, South America plate convergence across the central Andes takes place in the back arc region and that only about half of the convergence occurring at the main plate boundary was associated with elastic strain accumulation due to a locked plate boundary. In their model $34-42% of the plate convergence was occurring aseismically, so the main plate boundary was only partially coupled or locked. These findings require some revision in light of the new velocity field. Since most of the stations in Peru and Bolivia have had their eastward component of velocity reduced by $7.5 mm/yr relative to the solution of Norabuena et al. [1998] , it follows that the fraction of plate convergence taking place in the back These velocities are expressed relative to the stable core of the South American plate. For each station we provide its 4-letter code, its latitude and longitude, the north component of velocity and its standard error (in mm/yr), the east component of velocity and its standard error, the correlation between the north and east components of velocity error (which specifies the orientation of the error ellipse), the total time span of observations in years, and the network to which the station belongs (S, SNAPP; C, CAP; I, IGS).
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Geosystems G 3 G arc was probably smaller than previously suggested and that the degree of coupling or locking at the main plate boundary was probably somewhat larger than previously reported. These conclusions are borne out by modeling studies based on the newly integrated velocity field [Bevis et al., 2001] .
